This study investigated human BOLD responses in primary and higher order olfactory cortices following presentation of short-and long-duration odorant stimuli using a 3-T MR scanner. The goal was to identify temporal differences in the course of the response that might underlie habituation. A short-duration stimulus (9 s) consistently activated the primary olfactory cortex (POC). After a long stimulus (60 s), the temporal form of the response differed in different parts of the olfactory network: (1) The POC (piriform, entorhinal cortex, amygdala) and, interestingly, the hippocampus and, to a certain degree, the anterior insula show a short, phasic increase in the signal, followed by a prolonged decrease below baseline. (2) In the orbitofrontal cortex a sustained increase in activation was seen. This increase lasted approximately as long as the duration of odorant presentation (ϳ60 s). (3) The mediodorsal nucleus of the thalamus and the caudate nucleus responded with an increase in signal which returned to baseline after approximately 15 to 30 s. The correlated biphasic hemodynamic response in the POC, hippocampus, and anterior insula during prolonged olfactory stimulation suggests that these three areas may interact closely with each other in the control of habituation. These results extend recent data which showed habituation of the rat piriform cortex and dissociation between the POC and the orbitofrontal cortex.
INTRODUCTION
Olfaction has been studied at various levels of the olfactory system. In recent years a major emphasis has been placed on understanding signal transduction of the olfactory receptor cell as well as on mechanisms that operate in the olfactory bulb (e.g., Buck, 1996; Guthrie et al., 1993) . With the introduction of new techniques such as fMRI and PET, researchers were given a powerful tool to allow the study of higher olfactory processing in olfactory cortices as well as in subcortical structures of the brain.
In most olfactory fMRI studies, however, the primary olfactory cortex appeared silent or showed only inconsistent activation, whereas other primary cortices like the primary visual or primary auditory cortex could easily be made visible by fMRI. On the other hand, strong activation was observed in higher order olfactory cortices. Recently, some papers addressed this phenomenon in rats and in humans (Poellinger, 1999; Sobel et al., 2000; Wilson, 1998) : The limiting factors for visualizing olfactory activation in the primary olfactory cortex seem to be habituation or desensitization effects.
Desensitization to odor is a common experience in everyday life. One enters a room and immediately perceives an odor. With time one notices it less and less, until one eventually may not notice it at all. At least three main anatomical structures in the olfactory pathway seem to play an important role in this phenomenon: the olfactory receptor, the olfactory bulb, and the primary olfactory cortex.
1. The olfactory receptor: Adaptation of the olfactory receptor appears to be caused by a modulation of the cAMP-gated channel by Ca 2ϩ feedback (Kurahashi and Menini, 1997) , which leads to a decrease in the probability of cAMP-gated ion-channel opening. Adaptation of the olfactory receptor requires several seconds of a continuous stimulus. With prolonged stimulation of an odorant, an initial phasic component can be discerned followed by a lower amplitude tonic component (Getchell, 1986; Kurahashi and Shibuya, 1990; Menini et al., 1995; Ottoson, 1956; Torre et al., 1995) . Repeated short odorant pulses also produce adaptation of the olfactory receptor, but interstimulus intervals of 30 s are sufficient to allow recovery of receptor adaptation (Ottoson, 1956; Potter and Chorover, 1976) .
2. The olfactory bulb: Within the olfactory bulb, bipolar neurons from the olfactory mucosa form synapses with the dendrites of mitral and tufted cells. These cells show habituation modulated by central structures, including the anterior olfactory nucleus, the piriform cortex, the periamygdaloid cortex, the entorhinal cortex, the nucleus of the lateral olfactory tract, and the amygdala (Shipley and Ennis, 1996) . Surgical interruption of the olfactory bulb from these inputs results in a more rapid habituation of mitral cells (Potter and Chorover, 1976) . In an fMRI study of the rat olfactory bulb, odorant stimulation for 4.8 min did not demonstrate any decrease in activation (Yang et al., 1998) . Only over a longer exposure (27.6 min) did the activation decrease, demonstrating habituation. Extra-and intracellular recordings of the main olfactory bulb of the rat support these findings, also demonstrating only a slight decrease in activation when a prolonged stimulus of 50 s was administered (Wilson, 1998) .
3. The primary olfactory cortex: A large number of neurons of mitral and tufted cells from the olfactory bulb end in the piriform cortex. Thus, the piriform cortex is the largest and most distinctive part of the primary olfactory cortex (Nolte, 1999; Price, 1990) . It is highly interconnected with other primary olfactory cortices as well as with higher order cortices (Carmichael et al., 1994; Price, 1990; Shipley and Ennis, 1996) . The piriform cortex shows a much faster habituation than the olfactory bulb. Wilson demonstrated in the rat with repeated short stimuli as well as with prolonged stimulation of odorants that the anterior piriform cortex neurons habituated rapidly and completely.
Thus most of the fast desensitization seems to be attributable to either the adaptation of the olfactory receptor neuron or the habituation of the primary olfactory cortex.
This begs several interesting questions:
1. How does the primary olfactory cortex behave when habituation occurs? What is the time course of the response of the primary olfactory cortex during stimulation? Given that habituation in the primary olfactory cortex occurs on the scale of several seconds, is there a stimulation paradigm that is able to visualize activation in the primary olfactory cortex?
2. The underlying assumption is that desensitization phenomena are limited to the three said structures: the olfactory receptor neuron, the olfactory bulb, and the primary olfactory cortex. Could other olfactory cortices be involved in the habituation process as well?
3. How do olfactory cortices beyond the primary olfactory cortex react during habituation?
The present study addresses these questions by showing olfactory activation in primary as well as in higher order olfactory structures due to a short and a prolonged olfactory stimulus.
MATERIALS AND METHODS

Subjects
Ten healthy subjects, 6 males and 4 females, participated in the study. Their ages ranged from 24 to 44 years with a mean age of 30.3 years (SD: 7.6 years). Subjects had no history of neurologic, psychiatric, or otorhinolaryngeal medical issues. All subjects were right-handed. Informed consent was obtained from each subject following the established guidelines of the Massachusetts General Hospital Subcommittee on Human Subjects. None of the subjects were taking medications at the time of the study.
Experimental Protocol
Olfactory stimuli were administered using a custombuilt olfactometer. This device consisted mainly of two components: an air delivery system and an odorant delivery system. To produce a clean, continuous, heated, and humidified airstream, a commercial CPAP device (airflow 85 L/min) with a heated humidifier (Respironics, Inc., Murrysville, PA; Fisher and Paykel Healthcare, New Zealand) was used. The CPAP device was placed outside the scanning room with its tubing leading through a bore into the scanning room and attached to the head coil. The end of the tubing was adjusted midline to and approximately 3 to 5 cm in front of the subject's nostrils. The odorant delivery system joined the main tube 5 cm from the end of the tubing. A double syringe (Becton-Dickinson) containing the odorant could be operated by compressed air (airflow 5 L/min) via three-way valves in the control room. Delay time between switching on and the onset of the odorant at the end of the tube was less than 1 s. The change from the odorant to the noodorant state and vice versa produced no thermal, tactile, or auditory cues. Phenylethyl alcohol (Sigma-Aldrich) was used as the stimulus. This odorant has been shown to exclusively stimulate the olfactory system and is regarded as a pleasant odorant (Doty et al., 1978; Hummel et al., 1991 Hummel et al., , 1996 Kobal et al., 1989) . It was used in a pure solution and filled into a double syringe containing gauze. A specially designed keyboard connected to an Apple Macintosh PowerPC was used for coregistering subjective behavioral response with image acquisition. Subjects were advised to indicate both onset and disappearance of the odorant by pressing two different buttons. Response time was registered by a PsyScope program (PsyScope, Carnegie Mellon University, Pittsburgh, PA).
Activation Task
The odorant was delivered to both nostrils for all tasks. Subjects were asked to breathe normally, not to sniff during the experiment, to keep their eyes closed, and to avoid analyzing the odorant. The short runs consisted of five 9-s activation periods with 30-s inter-stimulus intervals resulting in a total acquisition time of 4 min and 16 s (50-s baseline period before the first stimulus; 37 s for the final rest period) (see Fig. 1 ). In the long runs the odorant was administered three times for 60 s, with rest periods of 120 s, making a total scanning time of 10 min. For subsequent runs, at least a 5-min rest between runs was kept to allow recovery from adaptation and habituation.
MRI Acquisition
Magnetic resonance images were collected on a 3-T whole body scanner (Signa, GE Medical Systems, Milwaukee, WI) modified by Advanced NMR Systems (Wilmington, MA) for echo-planar imaging (Cohen and Weisskoff, 1991; Kwong et al., 1992; Tootell et al., 1995) . First, a T1-weighted 3D sagittal localizer scan [T1-weighted spoiled gradient refocused gradient-echo sequence (SPGR), 60 slices, resolution 0.898 ϫ 0.898 ϫ 2.8 mm) was recorded to serve both as a localizer for the 16 functional scans and as a high-resolution structural scan to determine anatomical localization of functional activation according to Talairach and Tournoux (1988) . Next, an automated shimming technique was used to maximize B 0 homogeneity (Reese et al., 1995) . The third scan was a T1-weighted flow-oblique scan (SPGR, resolution 0.78125 ϫ 0.78125 ϫ 2.8 mm), primarily obtained to aid Talairach transformation for data analysis. This was followed by a T1-weighted echo-planar inversion recovery sequence to obtain anatomical images (TI ϭ 1200 ms, in-plane resolution 1.57 mm). For the functional scans, an asymmetric spin echo (ASE) T2*-weighted sequence was used (TE ϭ 25 ms, flip angle 90°, FOV 200 ϫ 200 mm, matrix 64 ϫ 64, in-plane resolution 3.125 ϫ 3.125 mm, slice thickness 5 mm, gap 2 mm). TR was 2 s for the short runs and 3 s for the long runs. One hundred twenty-eight images/slice were acquired in the short runs and 200 images/slice in the long ones. The flowoblique, the T1-weighted anatomical, and the ASE scans were collected using the same slice orientation. Sixteen slices adjusted at a transverse-to-coronal angle of approximately 45°covering the frontal and temporal lobes as well as the inferior parts of the occipital and parietal lobes were obtained for all studies.
Data Analysis
Data analysis included motion correction (SPM96), intensity scaling (i.e., normalization in which the average whole brain image value of all voxels was set to a certain value), and detrending (i.e., linear trend correction of the time intensity curve). The two short runs were averaged for each subject. The structural and functional data were transformed into Talairach space and resliced into 57 coronal slices with isotropic voxel dimensions (x ϭ y ϭ z ϭ 3.125 mm). Talairach-transformed structural and functional data were averaged across 10 subjects for the long runs and across 7 sub- jects for the short runs. Kolmogorov-Smirnov (KS) statistical maps using a 0.7-pixel Gaussian filter for smoothing were constructed from each individual and averaged dataset. They were displayed in pseudocolor on Talairach-transformed anatomical sagittal localizer scans. Different analysis paradigms were applied for the long runs in order to filter different activation patterns (time to correlate with activation was set to 9, 15, 60, and 120 s, correlating with 3, 5, 20, and 40 time points) (see Fig. 2 ). All data analysis was performed on a Sparc 20 Workstation (Sun Microsystems, Inc., Palo Alto, CA).
Anatomic Localization
The methods used for definition of the regions of interest (ROIs) followed the conventions of the MGH Center for Morphometric Analysis (Breiter et al., 1997; Caviness et al., 1996 Caviness et al., , 1999 . These ROIs were identified by direct visualization of Talairach-transformed T1 anatomic scans. The voxel dimension in these coronal scans was x, y, z ϭ 3.125 mm, the matrix was 49 ϫ 37 ϫ 57, and the scans were viewed on a computer monitor with a size of 38 ϫ 31 cm.
Twelve ROIs were defined to include anatomic areas related to the olfactory system, namely the frontoorbital (FOrb), piriform (Pir), entorhinal (aPH), amygdala (Amy), hippocampus (Hip), medial dorsal thalamic (MD), insula, cingulate, frontal operculum (fOp), caudate nucleus, as well as the putamen and the superior temporal sulcus (STS) ROIs. Definitions for the individual ROIs were as follows:
Frontoorbital Region
The orbital surface is marked by the triradiate or H-shaped sulcus, which constitutes the principal landmark for its morphological subdivision. FOrb was sub- . mFOrb, medial orbitofrontal cortex; aFOrb, anterior orbitofrontal cortex; lFOrb, lateral orbitofrontal cortex; pFOrb, posterior orbitofrontal cortex; Olf, olfactory sulcus; mH, medial branch of H-shaped sulcus; lH, lateral branch of the H-shaped sulcus; lorb, lateral orbital sulcus; tos, transverse orbital sulcus; ahr, anterior horizontal ramus of the Sylvian fissure.
divided in four regions of interest as shown in Fig. 3 . These ROIs, which correspond approximately to the anterior, medial, lateral, and posterior orbital gyri, are as follows: (a) an anterior orbitofrontal region (aFOrb) confined medially by the anterior orbital sulcus and laterally by the lateral branch of the H-shaped sulcus; (b) a medial orbitofrontal region (mFOrb), the medial and lateral borders of which are the olfactory sulcus and the anterior orbital sulcus, respectively; (c) a lateral orbitofrontal region (lFOrb), whose medial border is the lateral branch of the H-shaped sulcus and whose lateral border is the lateral orbital sulcus or, if not visible in our images, the anterior horizontal ramus of the Sylvian fissure. The transverse orbital (or arcuate) sulcus (which constitutes the transverse branch of the H-shaped sulcus) and the anterior tip of the anterior orbital sulcus constitute respectively the posterior border and the anterior extent of aFOrb, mFOrb, and lFOrb; (d) a posterior orbitofrontal region that extends from the transverse orbital sulcus anteriorly to the frontotemporal junction posteriorly. Its medial border is the olfactory sulcus, whereas its lateral border is the lateral orbital sulcus or, if not visible in our images, the anterior horizontal ramus of the Sylvian fissure.
Piriform Region
The Pir was considered laterally to the bifurcation of the olfactory tract (i.e., the olfactory trigone) and also at the level of the uncus and around the medial side of the amygdala to approximate the extension of the primary olfactory cortex (Carmichael et al., 1994; Nolte, 1999; Price, 1990; Shipley and Ennis, 1996) . This region was subdivided into two parts (Carmichael et al., 1994; Mai and Assheuer, 1999; Price, 1990; Shipley and Ennis, 1996) , which face each other around the choroidal fissure, forming the superior and inferior lips of the rostral part of this fissure and which are continuous in the fundus of this fissure, as shown in Fig. 4 . More specifically, (a) the frontal piriform region is the superior lip of the choroidal fissure extending in the anteroposterior direction from the caudal end of the frontoorbital region to the anterior tip of the amygdala approximately at the level of the anterior commissure (AC). Its medial border reaches the olfactory tubercle and other olfactory areas and was defined by a vertical line approximately at the level of the medial extent of the putamen or the medial extent of the temporal pole, where it faces it from the opposite bank. Laterally, it reaches the fundus of the anterior part of the choroidal fissure in the vicinity of the limen insulae. (b) The temporal piriform region is the inferior lip of the choroidal fissure and extends approximately from the frontotemporal junction anteriorly to the anterior portion of the amygdala posteriorly. Medially it borders with the uncus (where a protuberance may be detected morphologically) and laterally it abuts the limen insulae at the fundus of the choroidal fissure.
Anterior Parahippocampal Gyrus ROI
The aPH was considered from the coronal plane containing the frontotemporal junction rostrally to the coronal slice of the lateral geniculate nucleus caudally (see e.g., Rademacher et al., 1992) . It was limited superiorly by the piriform cortex, the amygdala, or the hippocampus and inferiorly by the collateral sulcus (Breiter et al., 1997) as shown in Fig. 4 . It should be pointed out that the entorhinal cortex is contained within this ROI . 
Amygdala
The Amy was directly visualized within the anterior portion of the mesial temporal region (Breiter et al., 1997) .
Medial Dorsal Thalamic ROI
The MD extends from the mamillothalamic tract anteriorly to the coronal slice immediately anterior to the posterior commissure (PC) posteriorly (PCϪ1) .
Insula
The insula was directly identified on the coronal plane throughout its anteroposterior extent; its anterior portion continued to the coronal plane before the AC, while the posterior extent included the coronal plane with the AC (Breiter et al., 1997) .
Cingulate Cortex
The cingulate region has been divided into four portions, namely (a) an anterior cingulate region that is confined anteriorly, dorsally, and ventrally by the paracingulate sulcus and posteriorly by the coronal plane anterior to the genu of the corpus callosum (genuϪ1); (b) a middle cingulate region that extends from the genu of the corpus callosum to the coronal plane anterior to the posterior commissure (PCϪ1) and which is divided into two subregions: an anterior-middle (amCG) and a posterior-middle (pmCG) region. The amCG is delimited by the callosal sulcus inferiorly and by the paracingulate sulcus superiorly. In the anteroposterior direction it extents from the genu of the corpus callosum to the coronal plane of the AC. The pmCG is delimited inferiorly by the callosal sulcus and superiorly by the cingulate sulcus, whereas anteroposteriorly it extents from the coronal plane posterior to the anterior commissure (ACϩ1) to the coronal plane anterior to the posterior commissure (PCϪ1) (Breiter et al., 1997) ; (c) a posterior cingulate region or postcommissural cingulate which has the cingulate and subparietal sulci as its superior border and the anterior portion of the calcarine and the callosal sulci as its inferior border. In the anteroposterior direction it extents from the coronal plane of the PC to the subparietal sulcus that delimits this region posteriorly.
Frontal Operculum
The fOp is defined here as the cortical ribbon forming the superior lip of the Sylvian fissure which extends from the anteriormost tip of the insula rostrally to the juncture of the precentral sulcus with the Sylvian fissure.
Caudate Nucleus and Putamen
The caudate nucleus was subdivided into two distinct regions, namely an anterior one, which corresponds roughly to its head and extends from the anterior tip of the nucleus to the coronal plane of the AC, and a more posterior portion, which corresponds roughly to its body extending from the coronal plane posterior to the AC (ACϩ1) to the lateral geniculate nucleus (see e.g., Makris et al., 1999) . The putamen was identified on the coronal slices on which it was visible at the location medial to the insula and lateral to the caudate and/or thalamus.
Superior Temporal Sulcus
The superior temporal sulcus ROI was constituted by the cortex of the superior and inferior banks of the superior temporal sulcus. It extended from the coronal plane of the frontotemporal junction rostrally to the coronal plane containing the posteriormost tip of the Sylvian fissure caudally.
Hippocampus
The anterior tip of the anterior hippocampus (aHip) was at the same plane as the posterior extent of the amygdala. The posterior extent of aHip was the coronal plane in front of the PC; the PC plane was the anterior border of the posterior hippocampus. The posterior border of the Hip was identified by direct visualization.
RESULTS
Coregistration of Odorant Presentation, Behavioral
Responses, and Image Acquisition
During the fMRI study, measurement of the perceived onset of the odorant and its disappearance provided information about the perceived duration of the odorant. The data demonstrate that subjects perceived the odorant in the short runs subjectively longer than the presentation time of 9 s. The average response time was 13.3 s (standard deviation: 3.5 s). The data show a decrease in the response time from the first stimulus (average: 14.9 s) to the fifth and last stimulus (average: 12.5 s). Subjective responses to the long stimulus (60 s) had an average of 63 s (standard deviation: 22.1 s).
Brain Activation
Short Stimulus (9 s)
The short stimulus activated the primary olfactory cortex very robustly, especially the piriform cortex and the amygdala (see Fig. 5 ). In all subjects the primary olfactory cortex was elicited. Activation of the temporal piriform cortex was more often detected on the left side (in 10 of 10 subjects) than on the right side (in 7 of 10 subjects).
Amygdala activation, however, was slightly lateralized to the right side. Activation of the entorhinal cortex was present in 6 of 10 subjects on the right and in 5 of 10 on the left side. In the anterior hippocampus, activation was found in 6 of 10 subjects on the right side and in 5 of 10 subjects on the left side. The anterior insula and the frontal operculum demonstrated prominent bilateral activation, with the right side being moderately stronger activated. Activation of the superior temporal sulcus was found only on the right side. Additionally, the basal ganglia, putamen, and caudate nucleus showed relatively pronounced bilateral activation. However, the orbitofrontal cortex was activated in only 5 of 10 subjects on the right side and in 5 of 10 on the left side (see Table 1 ). The obtained time courses in the primary olfactory cortex as well as in higher olfactory cortices or associative cortices followed the stimulation quite accurately, showing a steep onset and a fast decrease in the response (see Fig. 6 ). Comparing the activation amplitude from the first to the fifth stimulation cycle, a 22% decrease from the first to the fifth stimulation was observed. Percentage signal changes of activated areas were low and did not exceed a value of 0.5%.
Long Stimulus
Data from the long stimulus were analyzed with four different paradigms: two paradigms shorter than the actual stimulation time (9 and 15 s), a paradigm corresponding to the actual stimulation time (60 s), and a paradigm to select prolonged activation (120 s) (see Fig. 2 ). The 9-s paradigm showed strong activation in the piriform cortex, the hippocampus, the anterior insula, and the basal ganglia. No decrease of the signal correlating to this paradigm could be observed (see Table 2 ).
The 15-s paradigm showed the following: positive activation of the mediodorsal nucleus of the thalamus, with a predominance on the right; the orbitofrontal cortex, almost exclusively on the right; the anterior insula and the frontal operculum bilaterally, but with a stronger activation on the right; the anterior cingulate bilaterally; the striatum bilaterally with a preponderance to the right; and the cerebellum. The only areas which correlated negatively with the short paradigm were the left superior temporal sulcus and the left posterior cingulate. Remarkably, the right STS showed a positive activation.
The 60-s paradigm, which corresponded to the actual presentation of the stimulus, revealed strong positive activation on the right (predominantly in the aFOrb and the lFOrb, according to Brodmann areas 10, 11, and 47) and lesser activation of the left orbitofrontal cortex. Additional activation was found in the right base of the inferior frontal gyrus (Brodmann area 44), in the right inferior temporal gyrus and fusiform gyrus, and in the cerebellum. The superior frontal gyrus, the superior temporal sulcus on the right, the posterior cingulate, and the fusiform gyrus bilaterally responded with a decrease of BOLD signal in the 60-s paradigm. Also two discrete areas in the cerebellum showed negative activation.
Except for the orbitofrontal cortices, an analysis using the prolonged 120-s paradigm showed very little positive activation. Negative activation was found predominantly in the piriform cortex, the left parahippocampal gyrus, the hippocampus, the fusiform cortex bilaterally, and the inferior temporal gyrus.
Time Course of the Piriform Cortex
A closer analysis of the time course in the piriform cortex revealed that an initial increase in activity for a short time (approximately 10 to 15 s) is followed by a decrease in activity with signal values below baseline (see Figs. 7 and 8 ). This pattern was also found for other parts of the POC, the hippocampus, and the anterior insula.
DISCUSSION
The present study describes responses of the BOLD signal to short and prolonged stimulation with phenylethyl alcohol in the primary olfactory cortex, higher olfactory cortices, and subcortical structures.
FIG. 5.
Olfactory activation during the short stimulus (t ϭ 9 s) in 8 different subjects. Activation is shown in the piriform cortex (temporal and frontal piriform cortex, red squares) and the amygdala (blue squares). Due to button pressing, some subjects show activation of the supplementary motor area.
FIG. 6.
Activation of the piriform cortex for the short stimulus (9 s), averaged across 7 subjects. Gray bars indicate stimulation with phenylethyl alcohol .  FIG. 7 . Activation of the frontal piriform cortex (A) and the orbitofrontal cortex (B) during 60 s stimulation, averaged across 10 subjects. In the piriform cortex, an initial increase in activity for a short time (approximately 10 to 15 s) is followed by a decrease in activity with signal values below baseline. On the contrary, activation of the orbitofrontal cortex is rather sustained, lasting for about the time of the olfactory presentation. Note. Numbers in regular font indicate positively correlated activation; numbers in italic indicate negatively correlated activation. Four different analysis paradigms were used to select activation at the first 9 s, first 15 s, first 60 s, and first 120 s of stimulation (compare Fig. 1 ). "Proportion individuals" refers to the number of subjects out of a total of 10 showing activation for a selected area. For description of the abbreviations of anatomical regions see "Anatomic localization" under Materials and Methods.
Time Course of the Piriform Cortex
In the short runs (9-s stimulus) we were able to demonstrate a highly stable activation of the piriform cortex across subjects. Previous fMRI studies on the olfactory system could not elicit the primary olfactory cortex at all (Yousem et al., 1997) or showed only inconsistent activation (Levy et al., 1996; Ramsey et al., 1996; Sobel et al., 1998) . In these fMRI studies the odorant was presented for a relatively long time (Yousem, 30 s; Sobel, 40 s; Levy, 60 s), whereas we presented the stimulus in the short paradigm for only 9 s. Recent investigations have shed light on this phenomenon. It was demonstrated that the primary olfactory cortex habituates very quickly (Poellinger, 1999; Sobel et al., 2000) and thus does not correlate with the time course expected from the stimulation paradigm. In our study, the time course obtained in the POC during a long exposure to an odorant (60 s) showed the following form (see Fig. 7 ): A steep increase in the signal which lasts for 10 to 15 s is followed by a decrease to subbaseline levels. One possible hypothesis for signal decrease is decreased neural activity suggesting habituation. (Although inhibition seems to be a possible mechanism for signal decrease, recent data have demonstrated that inhibition does not lead to a change in signal (Waldvogel et al., 2000) .)
In an electrophysiologic study of the rat piriform cortex, D. A. Wilson (1998) obtained a similar response pattern during prolonged stimulation of over 50 s. In his study, extracellular recording showed habituation of the anterior piriform cortex (during a 50-s stimulation) after 25-35 s, compared to a signal decrease in the POC after 10 to 15 s in our study. As for fMRI studies, the cellular basis of the signal is not known and it is difficult to evaluate how a decrease of the BOLD signal translates into an electrophysiological response.
In contrast to the observed signal decrease below baseline in our study, Sobel et al. (2000) reported that the signal in the POC decreased only to baseline and not below baseline. As most of the scans in their study started with odor stimulation, a prestimulation baseline in the olfactory regions could not be established. (Only two additional scans beginning with the no-odorant block were performed.) It will be important to know whether the BOLD signal decreases below baseline levels if electrophysiological correlation with BOLD data is to be established.
Correlation of BOLD Activity between POC, Hippocampus, and Anterior Insula
A striking finding was that not only the primary olfactory cortex showed the time course described above; the hippocampus and to some degree the anterior insula demonstrated a similar time course. The correlation of BOLD activity between these areas during a prolonged olfactory stimulation suggests close functional interactions between them. All may play an important role in the habituation process.
Anatomically, these areas have multiple interconnections. The hippocampus is closely linked with the POC (including the piriform cortex) via the entorhinal cortex (Shipley and Ennis, 1996) . The anterior insula receives its olfactory input directly from the piriform cortex and other cortices of the POC like the amygdala (Behan and Haberly, 1999; Carmichael et al., 1994; Insausti et al., 1987) . In addition, projections from the anterior insula to parts of the POC have been described (Mesulam and Mufson, 1982; Mufson et al., 1981) that might have a modulating influence on the habituation process. On the other hand, it is also possible that the anterior insula and the hippocampus simply follow the activation pattern of the POC.
Dissociation of Activation in the Orbitofrontal Cortex and the POC/Hippocampus/Insula
As observed using fMRI in the long runs, activation above baseline level was detected over a longer period in the orbitofrontal cortex than in the POC. This suggests that, although the POC was habituating, higher order cortices were still responding positively to the stimulus. There are several interpretations for this phenomenon:
First, with continuous stimulation, it is possible that the neuronal response in the piriform cortex was sharpened, leading to a very localized area of sustained activation. The rest of the piriform cortex could have habituated or been inhibited by inhibitory interneurons. Obviously, the hemodynamic response of the habituated/inhibited part of the piriform cortex would have to be dominant over the response of the activated part of the piriform cortex to result in a signal decrease. Inhibition was recently shown to result in neither an increase nor a decrease (Waldvogel et al., 2000) in the BOLD signal. Thus, habituation as observed here seems more likely to be based on other mechanisms (like decreased excitability of POC neurons) than on inhibition.
Another possible scenario is that the entire piriform cortex habituated. Some information, however, could still have been mediated to other brain areas like the orbitofrontal cortex or the MD. These areas might have the property of needing only a very weak signal to produce an activation.
A third possibility is that the olfactory input to the orbitofrontal cortex was mediated by anatomic structures other than the POC. Orbitofrontal areas in the primate (and probably also in the human) receive olfactory input from the mediodorsal nucleus of the thalamus (centeroposterior portion of the orbitofrontal cortex), the piriform cortex, the substantia innominata, and the amygdala (lateroposterior portion of the orbito-frontal cortex) (Goldman-Rakic and Porrino, 1985; Naito et al., 1984; Price, 1990; Russchen et al., 1987) . In our study, the mediodorsal thalamus shows a longer positive activation (of about 30 s) than the POC and no signal decrease under baseline values. Thus, at first sight, the information to the orbitofrontal cortex is more likely transmitted via a thalamic pathway. Yet, the mediodorsal nucleus of the thalamus also receives its input from the piriform, the periamygdaloid, the entorhinal cortex, and the olfactory tubercle (Price and Slotnick, 1983) . Of these regions, those that showed an activation also showed a strong habituation in our study. It must therefore be questioned whether the olfactory signal to the orbitofrontal cortex generating the perceived time course travels via a thalamic pathway.
Is there any other anatomic possibility for a direct input of the olfactory information to the orbitofrontal cortex? In mice and rats a direct connection from the olfactory bulb to higher order olfactory structures bypassing the POC have been described (Cinelli et al., 1987; Shipley and Adamek, 1984) , but this observation has never been confirmed in primates or man. According to present knowledge there is no anatomic connection that can sufficiently explain the described dissociation between the responses in the POC and the orbitofrontal cortex.
Emotional Processing of Higher Order Processing Areas
Odors are known to have the potential to induce memories and strong emotional responses (Alaoui-Ismaili et al., 1997) . In fact, it seems that every olfactory stimulus evokes some memory and emotional response in each subject. Conversely, emotions are likely to have an impact on olfactory processing. Recent EEG research suggests that the electrophysiological response to odors can be strongly modulated by endogenous factors such as the subject's attention (Pause and Krauel, 2000) . Likewise, the habituation process could also be influenced by emotions and memories. Allocating emotional and psychological processing not only to limbic structures but also to higher order processing areas like the frontal cortex (Barbas, 2000) , these latter areas might also be involved in habituation. In the present study, neurons from the orbitofrontal cortex could have modulated the habituation of the POC.
Remarks on Button Pressing
We observed additional activation in brain areas such as the supplementary motor area and the primary motor cortex, especially when a short odorant stimulus was administered (see Fig. 5 ). As subjects were asked to indicate onset and end of the olfactory stimulus by pressing a button on a keyboard, these activations might have been caused by finger movements. Interpretation of activation of other areas like the orbitofrontal cortex was also complicated. To clearly discriminate between activation that was selectively due to the olfactory stimulus from activation generated by button pressing, we performed four additional studies: Short and long olfactory stimulus studies without button press and short and long button press studies without olfactory stimuli. Four subjects participated in each study. All studies were analyzed using the same methods as the above described studies.
For the pure button press studies, subjects were advised via intercom to press the buttons, while no olfactory stimulus was administered. The same paradigms as for olfactory stimulation were used. Thus, motor commands were given at time points corresponding to the beginning and end of the odor administration of the original paradigm. Activation in the short and long pure motor studies was found predominantly in the primary motor cortex, the putamen, the caudate nucleus, the supplementary motor area, and the in -FIG. 8 . Activation pattern in the piriform cortex during olfactory stimulation with phenylethyl alcohol: A short stimulus of 9-s duration causes an increase in BOLD (blood oxygenation level dependent) signal (A). Likewise, at the beginning of the long odor stimulation of 60-s duration, the piriform cortex shows an increase in BOLD signal (B). After these initial 8 to 10 s, the BOLD signal decreases and reaches below-baseline levels (C). This decrease in activation stays throughout the rest of the odor presentation and is present even 30 to 60 s after the end of the stimulus. sula. No activation was found in the primary olfactory cortex or the orbitofrontal cortex.
For the pure olfactory studies, the original paradigms as shown in Fig. 1 were used but no button pressing was performed by the subjects. Subjects were advised to lie passively in the scanner. Activations were very similar to the activations obtained from the initial study. In both the short and the long pure olfactory studies, the primary olfactory cortex was activated. For the long stimulation, the positively correlating response was again limited to the initial 9 to 15 s of the stimulation period and a negatively correlating signal was found for the remaining stimulation time, thus showing a time course as described for the long stimulus above. However, activation of the orbitofrontal cortex was slightly reduced compared to the combined odor and button press study. This phenomenon might be attributable to modulatory influences by decreased attention when subjects perform a completely passive task.
CONCLUSION
When a long olfactory stimulus of phenylethyl alcohol is presented, different brain regions react with different time courses. Using fMRI, three main forms of hemodynamic responses in different areas of the olfactory network were revealed.
1. The POC (piriform, entorhinal cortex, amygdala) and-interestingly-the hippocampus and to a certain degree the anterior insula, show a small peak-like increase of BOLD signal which is followed by a prolonged decrease below baseline level.
2. In the orbitofrontal cortex, only an increase in activation above baseline level values was discerned, which lasted for approximately the period of odorant presentation (approximately 60 s).
3. The MD and the caudate nucleus responded with a short increase in the signal which returned to baseline after approximately 15 to 30 s.
The correlation of metabolic activity between the POC, the hippocampus, and the anterior insula during a prolonged olfactory stimulation suggests close interactions between these areas. They all may play an important role in the habituation process. A different activation pattern in the orbitofrontal indicates that this region might not habituate as quickly. However, it seems possible that the orbitofrontal cortex might influence the habituation process of the POC. Since in humans the only olfactory input to the orbitofrontal cortex is transmitted via the POC, it remains unclear how the activation of the orbitofrontal cortex is generated. The correlation of the subjective response and the activation in the orbitofrontal cortex suggest an odordetection role of the orbitofrontal cortex. The MD and the caudate nucleus may play a role in early detection of a stimulus and become quiescent after initial exposure.
These results extend recent data which showed habituation of the rat piriform cortex (Wilson, 1998) and dissociation between the POC and the orbitofrontal cortex (Poellinger, 1999; Sobel et al., 2000) . Further work will be necessary to reveal the physiological basis of the habituation mechanism and to find an explanation for the dissociation between activation patterns of the POC and the orbitofrontal cortex.
